Introduction residues by merely examining the enzyme dynamics?
We present here the results from a set of 98 nonreUnderstanding the relationship between protein strucdundant, nonhomologous enzymes, 24 of which are inture and biochemical function is of utmost importance hibitor bound enzymes extracted from the PDB (Set 1; for effective design or inhibition of proteins. Despite the Table 1 as global hinge residues (shown by the arrows). Global We focus here on the low-frequency motions, also hinge residues are at the interfaces between domains, called global motions (as opposed to local motions or clusters of residues, which move in opposite direcsubject to high-frequency modes), and ask if or how the tions within the global modes. We will refer to minima global dynamics and enzymatic function are correlated.
in the slow modes as key mechanical sites. The dominant role of the slow modes in effectuating the Figure 2B suggests that most of the active residues functional motions has been suggested in early normal tend to occupy minima in the fluctuation profiles. Notamode analyses (NMAs) (see, for example, Karplus and bly, the catalytic residues preferably coincide with, or McCammon, 1983; Go et al., 1983) and has been consequentially neighbor, key mechanical sites regardless firmed in many studies (e.g., Tama et al., 2000; Kitao of the enzyme function or size. Figure 2B displays the and Go, 1999). The present study demonstrates that color-coded ribbon structures corresponding to the catalytic residues tend to be positioned near key proteins in Figure 2A . The dark blue regions (minima in mechanical sites (hinges, anchoring points) that are the slow modes) point to the residues subject to the uniquely defined for particular architectures. The probstrongest constraints in the global modes. Although ability of finding a catalytic residue among the key methese residues are not contiguous along the sequence, chanical sites is found to be 3-4 times higher than from they usually cluster in space so as to consolidate the a random search. The observed predisposition of enanchor/hinge region that coordinates the global movezymes to couple their chemical and mechanical properments. Examination of their structural properties and ties holds promise for its assisting in the identification context shows that they are not necessarily coiled reand design of functional sites or inhibitors. gions or domain linkages, but may occasionally occur in secondary structural motifs, such as kinks in helices.
Results and Discussion

Quantitative Assessment of Mobilities Catalytic Residues Coincide or Communicate in the Global Modes with Global Hinge Regions
In order to make a quantitative assessment of the dy- Figure Table 1 for the list of chemically (from experiments) and mechanically (from computations) key residues for all ligand/inhibitor bound enzymes in our data set.
to key mechanical residues, we assigned a mobility The global mobility scores corresponding to the more collective mode among the two slowest modes were score, M ik , to each residue i in the k th mode. M ik is the square fluctuation normalized with respect to the most computed for all catalytic and inhibitor binding residues of our data set, which led to the distributions shown in mobile residue in the k th mode of the particular enzyme. The highest peak in the slow mode profile of each en- The results found by averaging the scores over all proteins are presented in Table 2 . <M 1 > cat and <M 2 > cat refer to the average behavior of catalytic residues in the slowest modes, modes 1 and 2, and <M 1 > lig and <M 2 > lig are their counterparts for ligand binding residues. The averages were calculated by first evaluating an average over catalytic residues for each protein, and then by averaging over all proteins, thereby removing biases that arise from the different numbers of functional sites per protein. These results show that the catalytic residues possess highly suppressed mobilities in the first two slowest (dominant) modes. The low mobilities indicate their participation in (or close proximity to) the key mechanical sites of the molecules. These residues are for the most part fixed/anchored in space, while the other regions undergo motions about them. The low mobility of the catalytic residues was already apparent in their B factors, although this effect was less pronounced due to the superimposition of all modes in the B factors. Extraction of the global modes shows that the reduced mobilities are essentially caused by their constrained global dynamics, rather than by local packing effects. Table 1 compares the chemically active (catalytic and ligand binding) residues identified in previous experimental studies (columns 4 and 5) and the key mechanical residues (column 6) predicted by present computations. The underlined residues in columns 4 and 5 are those, among the experimentally reported chemically active residues, that are indicated by the GNM to be key mechanical sites of types I-III and which have mobility scores < 0.10. The close correspondence between chemical activity and the mechanical role is evident by the large fraction of underlined residues. Column 6 lists the hinge sites distinguished by mobility scores below 0.05 in the slowest mode. These residues are proposed here to be the most critical residues, from a mechanical point of view, that could serve as targets for interfering with the dynamics of the enzyme. 
Despite Their Close Proximity to Catalytic Sites
The abscissa refers to the mobility scores of the residues found in The ligand binding sites exhibit relatively higher flexibilthe most collective GNM mode. The inset displays the cumulative ity (<M 1-2 > lig z 0.11 and <M B > lig z 0.17; see Table 2) fraction of (A) catalytic residues and (B) inhibitor binding residues in different ranges of mobility based on the slow modes, compared and larger variations compared to the catalytic sites, to the cumulative fraction of catalytic residues and all residues in although they are also somewhat constrained in the all modes (see the labels). global motions. We note that some of the ligand binding residues also act as catalytic residues. Exclusion of these residues (46 out of 159) leads to an increase in modes (66% below 0.05), as can be seen from the inset mobility scores (<M 1 > lig = 0.148, <M 2 > lig = 0.104, and in Figure 3A The mobility score 0 < M ik < 1 for a given residue, i, is the ratio of its square ond slowest vibrational mode by 1/2 compared to the first, whereas one expects the higher frequency modes Dimerization Induces New Cooperative Modes that Engage the Catalytic Site to be even more localized. Hence, mode 1 is the mode that appears to be exclusively induced in the dimeric Among the 98 enzymes presently examined, 4 (10GS, 1A30, 1CP3, and 1CR6) are dimers, and 1 (1ARZ) is a form. In 10GS, this mode ensures the localization of the catalytic sites in a mechanically important region. The tetramer. It is of interest to assess how multimerization affects the mobilities of active sites. A pure monomer mobility score of the catalytic residues in this mode is 0.21, which is decreased by a factor of two compared set was generated by removing the multimers from the Set 1. It is shown in Table 2 that the <M 1 > cat and to the mobility in mode 2 (0.41), and this coupling to a global hinge region may be anticipated to be functional. <M 2 > cat values, as well as their standard deviations, decrease in this case, which is consistent with the higher A similar effect can be conjectured in 1CR6, where dimerization secures the colocalization of the catalytic mobilities of chemically active residues in the multimers (Table 2) . Multimerization usually provides a means of site with a global hinge region. Alternatively, in 1A30 and 1CP3 mode 2 already confines the catalytic site achieving structural and dynamic properties that would otherwise be inaccessible to the monomers. It is of in a mechanically key region, as evident from the low mobility scores. Dimerization seems to be a structural, interest to see if the new structures and structureinduced modes of motion (especially low-frequency rather than dynamic requirement in these cases. This process permits the catalytic site to be sequestered global motions) impart stability and/or mechanical properties that affect catalytic residues. It can be anticifrom solvent in HIV-1 protease (1A30). Finally, the catalytic residues are positioned at the interface between pated that a high mobility/disorder at the catalytic site might be detrimental from the point of view of the prethe core domain and the two different peripheral domains in the two slowest modes of 1ARZ, suggesting cise regulation and communication ability of the active site.
the activation of different domains in different modes. observation, the inclusion or exclusion of a few contacts are usually inconsequential, because the observed dynamics are a collective property of w10 3 in-<M 2 > all = 0.154 for all residues. From another perspecterresidue contacts (for a protein of n = 300 residues tive, 228, out of 325, catalytic residues included in our and an average coordination number of 7 per residue). data set serve as key mechanical sites of type I, II, and
The restricted motions at the catalytic sites are not due III (with respective proportions of 107:82:39) when conto the presence of substrates at those sites but are insidering the weighted average of the two slowest trinsic mechanical properties of the enzymes themmodes. Therefore, more than 70% of the examined selves irrespective of bound molecules. We also note catalytic residues communicate with key mechanical that active sites are frequently in clefts, which may be sites, if not directly engaging in a mechanical role, and functional in excluding water molecules and/or maxitheir ms fluctuations are, on the average, 2-3 times mizing the contact surface at the ligand binding site. smaller than those of "average" residues. This reveals a Figure 5 shows the global modes obtained for lisimple but important feature in the design of enzymes: ganded and unliganded forms of a protein (β-lactamase catalytic activity takes place at cooperatively conin Figure 5A ) and for two different ligand bound forms strained regions distinguished by suppressed fluctuaof another protein (plasminogen, Figure 5B ). The close similarity of the two curves in each panel illustrates the tions in the collective dynamics. And, a corollary is to us first sort all mechanically key residues of types I and II whose mobility score found from the weighted average of modes 1 and 2 is M i,1-2 < 0.05. Let us consider the odds ratio p/p 0 of detecting a catalytic site among these key mechanical residues (p), compared to a random search over all residues (p 0 ). p 0 is simply the fraction of active residues in the examined enzyme. The ratio p/p 0 was computed for all enzymes in Set 1. The results are listed in the last column of Table 1 . p/p 0 is found to be 3.4 on average, with a standard deviation of 1.8, which means the odds of having a catalytic residue among the key mechanical sites is 3-4 times higher than the fraction of catalytic residues in the sequence. Our recent study supports the utility of considering global mode profiles in addition to physicochemical features for predicting catalytic sites (Chen and Bahar, 2004), an issue that will be further pursued in a future study.
Experimental Procedures
Sample Proteins
Our data set consists of two sets of enzymes. First, all ligand-protein complexes available in the PDB were downloaded. Structures having higher than 90% sequence identity were removed; the remaining >100 structures were reduced to 24 (Set 1, Table 1) may be assessed by a simple probabilistic analysis. Let for a few cases in which they refer to a large motion of an exposed ] ii of residue i is vectors u 1 and u 2 are plotted in Figure 6A . The global hinge centers are located at the crossover between the positive and negative 
